Prions are believed to be infectious, self-propagating polymers of otherwise soluble, host-encoded proteins 1,2 . This concept is now strongly supported by the recent findings that amyloid fibrils of recombinant prion proteins from yeast [3] [4] [5] , Podospora anserina 6 and mammals 7 can induce prion phenotypes in the corresponding hosts. However, the structural basis of prion infectivity remains largely elusive because acquisition of atomic resolution structural properties of amyloid fibrils represents a largely unsolved technical challenge. HET-s, the prion protein of P. anserina, contains a carboxy-terminal prion domain comprising residues 218-289. Amyloid fibrils of HET-s(218-289) are necessary and sufficient for the induction and propagation of prion infectivity 6 . Here, we have used fluorescence studies, quenched hydrogen exchange NMR and solid-state NMR to determine the sequence-specific positions of amyloid fibril secondary structure elements of . This approach revealed four b-strands constituted by two pseudo-repeat sequences, each forming a b-strandturn-b-strand motif. By using a structure-based mutagenesis approach, we show that this conformation is the functional and infectious entity of the HET-s prion. These results correlate distinct structural elements with prion infectivity.
. Transition to the prion state in vivo can also be detected by following the aggregation of a HET-s-green fluorescent protein (GFP) fusion protein 14, 15 . To elucidate the fold of the amyloid fibrils of HET-s(218-289), we first identified the sequence-specific positions of regular secondary structural elements using an improved technique of quenched hydrogen exchange measured by solution NMR 16 (see Methods). This technique allows the identification of solvent-protected backbone amide protons involved in hydrogen bonds. The [ 15 N, 1 H] correlation NMR spectrum (Fig. 1a ) contained one assigned cross-peak for each backbone amide of HET-s(218-289), with the exception of 289, enabling a residue-specific determination of the hydrogen exchange rates. Upon exchange in D 2 O buffer for 6 weeks, the intensity of about 45% of the resonances was significantly reduced or absent from the spectrum (Fig. 1b) . This suggested that the corresponding amides have undergone exchange with solvent deuterons, which are not visible in this experiment.
The hydrogen exchange was followed over a total period of 3 months. All residues displayed a monoexponential decay (Supplementary Fig. S1 ), indicating that the structure of the fibrils was well defined and homogeneous. The summarized hydrogen exchange data (Fig. 1e) show that owing to exchange rates faster than 5 h
21
, the eight amino-terminal residues, the five carboxy-terminal residues and residues 247-261 are only weakly or not protected and may therefore be conformationally disordered. Four segments were observed that displayed slow exchange rates of 10 22 h 21 to 10 25 h 21 and were thus considered to be involved in hydrogen bonds. They comprise residues 226-234, 236-246, 262-270 and 272-282. Similarly slow exchange rates have been observed for Ab (1-42) fibrils 17 and reflect the extraordinary stability and compactness amyloid fibrils can achieve. Because circular dichroism experiments have established that the HET-s(218-289) fibrils contain mainly b-sheet secondary structure 13 , it is likely that the four protected segments represent four distinct b-strands. Hydrogen exchange data were also accumulated for amyloid fibrils of the fulllength HET-s protein. The protection pattern of the peptide segment 218-288 in HET-s was essentially identical to that of HET-s(218-289) (Supplementary Fig. S2 ). This suggests that the prion domain acts as an independent folding unit.
To determine which residues are actually involved in b-sheet secondary structure, high-resolution solid-state NMR spectra of the HET-s(218-289) fibrils were recorded. The 13 C-
13
C homonuclear DREAM 18 correlation spectrum of uniformly 15 N and 13 C isotope-labelled amyloid fibrils is shown in Fig. 1c, d . The resonance lines are strikingly narrow (down to 0.2 p.p.m.) and are comparable to those of micro-crystalline proteins, indicating a highly ordered atomic structure for part of the fibrils. Sequence-specific chemical shift assignment could be obtained for residues 226-248 and 262-282 (with the exception of 274). The missing resonances of the remaining residues are probably a consequence of dynamical or structural heterogeneity 19 . Deviations of the combined 13 Ca/ 13 Cb chemical shifts from random coil values were used to identify the type of secondary structure present in HET-s(218-289) fibrils. Negative deviations (Fig. 1f) indicated b-sheet secondary structure 20 for residues 226-234, 237-244, 262-271 and 273-282. Exceptions were observed at residues 229 and 265 (see below) and, to a lesser degree, at 277. Chemical shift assignment by solid-state NMR was achieved for all residues that showed slow hydrogen exchange (Fig. 1e) . The striking correlation between the exchange data ( Fig. 1e ) and the chemical shift data (Fig. 1f ) allowed for the confident establishment of secondary structure in the HET-s(218-289) amyloid fibrils: four b-strands comprising residues ,226-234 (b1), ,237-245 (b2),
,262-270 (b3) and ,273-282 (b4) are connected by two short loops between b1 and b2, and b3 and b4, respectively, and by an unstructured, 15-residue-long segment between b2 and b3.
To determine the topology of b-strands in HET-s(218-289) fibrils, we made use of the architecture of b-sheets, in which the side chains of the even-numbered residues face in one direction, and those of the odd-numbered residues face in the opposite direction. Therefore, single cysteine residues were introduced at the odd-and even-numbered sides of each b-strand. Solvent accessibility was then probed by chemical crosslinking 21 with a fluorescent dye using Alexa Fluor 488 C 5 maleimide. The extent of solvent accessibility of 11 Cys residues is shown in Fig. 1g . The even-numbered residues of each strand displayed high crosslinking rates, whereas all odd numbered sides remained unlabelled. This indicated that all b-sheets have one solvent-accessible side.
The acquired structural data ( Fig. 1 ) allowed us to propose a likely fold for the HET-s(218-289) fibrils (Fig. 2) : the core of the fibrils consists of two b-strand-turn-b-strand motifs comprising b1 and b2 and b3 and b4, respectively, which are interconnected by a long loop formed by residues 246-261. The two segments interact through hydrogen bonding between b1 and b3, and b2 and b4, respectively, forming two layers of parallel b-sheets. The b-sheets continue along the fibril axis through intermolecular hydrogen bonding between neighbouring molecules (Fig. 2) . The proposed fold is consistent with the NMR data, the observed pattern of solvent accessibility, the distribution of polar and hydrophobic residues on each strand, and the short loops between b1 and b2, and b3 and b4, respectively. It also takes into account the remarkable sequence identity of 28% between the segments b1-b2 and b3-b4, which suggests a repetitive arrangement ( Supplementary Fig. S3 ). The only charged residues facing towards the inside of the fibril are K229 in b1 and E265 in b3, which are located in adjacent positions in the proposed fold, and therefore able to compensate their opposite charges. The reduced protection against hydrogen exchange of these residues as well as their nonbeta solid-state chemical shifts (Fig. 1e, f) indicate a structural disturbance of the b-sheets at the positions of the proposed salt bridge.
In order to correlate the proposed fold of the HET-s(218-289) fibrils with [Het-s] function and infectivity, a mutational approach was used. Because the fold is based on b-sheet secondary structure, we introduced proline residues, which are known to act as local b-strand breakers. A series of 13 mutants was generated with a single proline substitution approximately every five residues in the 218-289 region of full-length HET-s (Fig. 3a) . A number of short deletion mutants affecting the central loop and the b-strand segments were also generated (Fig. 3b) . P. anserina transformants expressing the Table 1) . In order to monitor the formation of HET-s aggregates in vivo, the same mutations were introduced in a HET-s-GFP fusion protein. The mutant fusion proteins were overexpressed both in P. anserina Dhet-s knockout strains and in a [Het-s] strain in order to determine whether co-expression with endogenous wild-type prions would lead to aggregation of the mutant fusion proteins (Fig. 3c) .
In striking correlation with the structural data, proline substitutions located in the b-strand regions strongly affected [Het-s] function, infectivity (Fig. 3a) and HET-s-GFP foci formation (Fig. 3c) For some mutations in b-strand positions, [Het-s] prion infectivity could be detected transiently, but was lost upon subculturing (for instance, HET-s 240P, Fig. 3a) . Concomitantly, GFP foci formation of HET-s 240P was detected only when the mutant protein was coexpressed with wild-type [Het-s] prions (Fig. 3b) . This suggests that these mutant proteins retained a certain ability to form [Het-s] prions, but that they are mitotically very unstable. In addition, a number of proline substitutions in b-strand regions and in the short connecting loop did not lead to a total loss of [Het-s] function or infectivity, indicating that they interfered only partially with amyloid formation. Indeed, recombinant HET-s 226P and 266P retained a residual ability to form amyloid fibrils in vitro and to infect prionfree [Het-s*] colonies when introduced biolistically ( Supplementary  Fig. S4 and Supplementary Table 2 ). Interestingly, HET-s 246P retained [Het-s] activity. Residue 246 is still involved in hydrogen bonding, but has an a-helical rather than a b-sheet chemical shift. This suggests that it is specifically the b-sheet secondary structure that is required for HET-s function and infectivity.
Taken together, the local disruption of any of the four b-strands reduced or even abolished the formation and function of the [Het-s] prion, whereas the central loop only required a certain minimal length to sustain prion formation.
Our data correlate strongly the amyloid conformation with infectivity. Hence, the proposed fold of the HET-s(218-289) fibrils shown in Fig. 2 represents an infectious protein conformation. Because the [Het-s] prion has a natural function in heterokaryon incompatibility, it seems plausible that this infectious conformation was evolutionarily optimized for amyloid fibril formation. This view is supported by the extraordinarily well-ordered structure as manifested in the narrow line width observed in the solid-state NMR spectra, and the monoexponential hydrogen exchange rates. In contrast, other amyloid fibrils associated with misfolding diseases appear to be structurally more heterogeneous [22] [23] [24] [25] . Furthermore, the dimer-like double b-strand-turn-b-strand motif formed by the pseudo-repeats b1-b2 and b3-b4 may have evolved to optimise the polymerization: in the case of a single b-strand-turn-b-strand motif, the initial step of fibril growth requires the diffusiondependant formation of an oligomeric nucleus 26 . The covalent nature of the pseudo-repeats is therefore likely to promote this nucleation event by reducing its diffusion dependency.
It is generally believed that most prions will share b-sheet-rich amyloid fibrils as a common structural feature. Here, we have now shown that a b-sheet structure is indeed the infectious prion conformation of HET-s. This link between structure and infectivity constitutes a significant step towards the elucidation of the mechanism of prion formation and propagation.
METHODS
Mutagenesis. All site-directed mutants were generated with the Quick-change kit (Stratagene) using the pCB1004-het-s, pGPD-het-s-GFP 14 and the pET-21a-het-s vectors as template 12 . Preparation of stable-isotope-labelled HET-s(218-289) fibrils. Stable-isotopelabelled HET-s(218-289) was expressed as described for other HET-s constructs 13 . The bacterial pellet was solubilized in 50 mM TRIS pH 8.0 and 150 mM sodium chloride (TCl) containing 6 M guanidinium hydrochloride. The supernatant was centrifuged for 30 min at 18,000g. The protein was purified from the supernatant by His 6 -affinity chromatography and concentrated to approximately 0.5-1 mM. Fast buffer exchange to TCl buffer yielded monomeric HET-s(218-289), which started to aggregate immediately into amyloid fibrils. Hydrogen exchange. 17 , a second series of 80 two-dimensional spectra were measured upon addition of 3% H 2 O. Using this control measurement, residues 253 and 283 were excluded form the analysis. With the exception of the amide group of N289, a complete sequence-specific assignment of the backbone H N /N cross-peaks was obtained using the triple-resonance experiments HNCA 27 and HNCA(CO)NH 28 applied to 13 C, 15 N-labelled HET-s(218-289). The data were analysed using the programs PROSA 29 and CARA (http://www.nmr.ch), and a specially written Visual basic program in combination with Microsoft Excel 17 . Solid-state NMR. The HET-s(218-289) fibrils were washed in H 2 O and centrifuged into MAS rotors sealed with two-component epoxy adhesive to prevent dehydration. Solid-state NMR spectra were recorded on a Bruker AV600 spectrometer at a static field of 14.09 T. A 2.5-mm Chemagnetics probe was used for the experiments at 25 kHz MAS and a 1.8-mm probe constructed by A. Samoson 30 for the experiments at 40 kHz MAS. The sample temperature was kept at 5-15 8C. For the 13 C-13 C correlation spectra recorded using the DREAM scheme 18 , the contact time of the initial adiabatic cross-polarization was 1 ms and the RF-field strengths were 70 kHz and 90 kHz for 13 C and 1 H at 25 kHz MAS, and 90 kHz and 130 kHz for 13 C and 1 H at 40 kHz MAS, respectively. Continuous wave decoupling was applied during the DREAM mixing step and XiX decoupling during t 1 and t 2 , both with an RF-field amplitude of 150 kHz. The measurement time was 33 h and 55 h for the experiments at 25 kHz and 40 kHz MAS, respectively. These spectra we used for the identification of spin systems and the 13 C side-chain assignment. For the backbone assignment we recorded the following heteronuclear two-dimensional correlation spectra: NCA, NCO, N(CA)CO, N(CA)CB and N(CO)CA. The assignment was done using the CARA program (http://www.nmr.ch) and confirmed via a CA-CA correlation spectrum. Side-chain solvent accessibility studies. Proteins were purified as described above. Fibrils were reduced with 20 mM dithiothreitol before the final buffer exchange, and re-natured under nitrogen. To label solvent-accessible Cys residues by chemical crosslinking, 85 mM fibrils were incubated with a 2.5-fold molar excess of Alexa Fluor 488 C 5 maleimide (Molecular Probes) for 20 min at room temperature. The fibrils were washed extensively with TCl buffer and solubilized with 8 M spectroscopically pure guanidine hydrochloride. For fluorometry, the samples were diluted at least 70-fold into TCl buffer. The Alexa Fluor 488 fluorescence (excitation 493 nm, emission 516 nm) was measured relative to the fluorescence of a single Trp residue in HET-s(218-289) (excitation 295 nm, emission 353 nm). To determine the maximum labelling efficiency, the mutant HET-s(218-289) D288C was used, which is located in the presumably solvent accessible C-terminal region showing fast
